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SEM and CT X-ray imaging were used to quantify the surface geometries of
sandstone pore and throat networks of the oil-bearing Stanley Sandstone of the Eutaw
Formation of Jasper County, Mississippi, both in dry samples and in samples that had
undergone laboratory simulations of Microbial Permeability Profile Modification
(MPPM) oil-recovery technology. The goal of the study was to acquire some quantified
understanding of the way induced bacterial activity affected the surface geometries and
impacted the porosity and permeability of the oil-bearing Stanley Sandstone. Visible
porosity remained high, but significant permeability modification occurred ubiquitously
with pore and throat spaces of 10 μm – 20 μm diameter. Based upon quantitative
analysis of photomicrographs, biofilm did not completely fill porosity but did clog pore
throats, thus significantly impacting permeability.
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CHAPTER I
INTRODUCTION

The present study is of twofold purpose. The first purpose is to quantify surface
geometries of sandstone pore and throat networks of the oil-rich Stanley Sandstone of the
Eutaw Formation of Jasper County, Mississippi. The second purpose is to quantify the
surface geometries of bacterial mucilage within these pore and throat networks of Stanley
Sandstone samples which have undergone laboratory simulations of Microbial
Permeability Profile Modification (MPPM) oil-recovery technology as developed at
Mississippi State University. The goal of the study is to acquire some quantified
understanding of the way that induced bacterial activity affects the surface geometries
and impacts the porosity and permeability of the oil-rich Stanley Sandstone. The
hypothesis to be tested is that induced bacterial biofilm alters the surface geometries of
the pore and throat networks and reduces the permeability of the sandstone by blocking
pore throats.

Context of the Research
The research is performed by a partnership between microbiologists, geologists
and petroleum engineers at Mississippi State University and Denbury Resources, Inc. As
a participant in this project, Denbury Resources provided access to core samples from the
Stanley Sandstone of the Eutaw Formation of Jasper County, Mississippi.
1

The proposed study is a subset of this larger study of Microbial Permeability
Profile Modification (MPPM) as a method of oil recovery as developed at Mississippi
State University. In Microbial Permeability Profile Modification of oil-bearing
sandstone, dormant, in situ bacteria are awakened with nitrate and phosphate solutions
pumped through the high-permeability strata of an oil field in which water-flood recovery
has become ineffective. The revived in situ bacteria produce mucilage that reduces flow
within the high-permeability strata. These bacterial by-products divert flow of injected
waters from high-permeability strata to other areas of the oil-bearing reservoir, thereby
extending the economic life of the field.
MPPM involves adding compounds containing nitrogen and phosphorus, i.e.,
dilute fertilizer, to the injection brine of a conventional water-flood operation. These
nutrients stimulate growth of naturally occurring, in situ microbes. Growth of these
microbes reduces the flow of fluids in the originally most permeable zones, thus diverting
water flow from these areas to less permeable areas, and thereby increasing water-flood
sweep efficiency.

Review of Literature: MPPM
MPPM is the result of research conducted at Mississippi State University and
funded by the United States Department of Energy. The MPPM procedure, wherein the
pathway of the injection brine is redirected to unswept areas of the reservoir, thereby
increasing the sweep efficiency of water-flood recovery, was previously developed at
Mississippi State University under Department of Energy support and successfully field
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tested at North Blowhorn Creek Oil-Unit in Lamar County, Alabama (Stephens et al.,
2000; Brown and Vadie, 2000).
The present study may be seen as a continuation of an earlier study where the
MPPM procedure was simulated in the laboratory in order to image the distribution and
morphology of these in situ bacteria and the mucilage byproduct of the induced bacterial
activity (Fratesi, 2002; Fratesi et al, 2004). In the earlier study, scanning electron
microscopy (SEM) was used to image both the induced colonies of bacteria and the
mucilage byproduct as a first effort to discover the microscopic causes of the
permeability modification that had been field-tested in North Blowhorn Creek, Alabama.
That study focused upon discovery of the sizes and shapes of the bacteria and the shapes
of nested features of the mucilage (Fratesi, 2002).
The fixation and dehydration methods employed in the Fratesi (2004) study were
particularly valuable to this study. The Fratesi study focused upon fixation and
dehydration procedures that worked to peel back the mucilage layer in order to reveal
colonies of bacteria. Meticulous attention was paid to the methods that produced artifacts
or disrupted the mucilage (Fratesi et al, 2004) and that tended to leave the mucilage layer
more or less intact. In particular, Fratesi (2002) reported that low-concentration
gluteraldehyde fixation (less than 10%) and hexamethyldisilazane dehydration tended to
leave biofilm layers intact (which covered the bacteria). This information proved of great
value to the present study, which imaged and quantified the behaviors of the layers of
mucilage byproduct in laboratory MPPM samples.

3

Review of Literature: General Geology of the Stanley Sandstone
The Eutaw Formation is an Upper Cretaceous deposit of the Mississippi
Embayment. The Eutaw Formation lies over the Tuscaloosa Formation and underlies the
Midway and Selma members. In the subsurface below Jasper County, Mississippi, the
Eutaw is approximately 4,500 – 5,500 ft thick (Stephenson and Monroe, 1938;
Stephenson and Monroe, 1940; Mancini et al., 1995; Collins, 2008). The Eutaw
Formation of Jasper County, Mississippi occurs as relatively thin, variably lithified, welllaminated sandstones that are inter-bedded with heavily bioturbated, clay-rich sandstones
and shales (Collins, 2008; Collins et al., 2008; Schmitz et al., 2006). Within the Eutaw,
the Stanley Sandstone lies approximately 4,755 – 4,790 ft below Jasper County, MS
(Deets, 2006). The Stanley Sandstone is a deltaic deposit (Deets, 2006) of the Eutaw
Formation of the Clayborne Group.
The Cretaceous Period for the Mississippi Embayment was a series of
transgressive and regressive cycles that alternated between marine and non-marine
(fluvial) deposition. The Cretaceous stratigraphic sequence begins with low-stand, nonmarine deposition and culminates with the high-stand carbonate chalk strata of the
embayment, viz. the Selma Chalk, which stretches from Alabama to Tennessee and Texas
(Stephenson and Monroe, 1938; Stephenson and Monroe, 1940; Nunnally and Fowler,
1954; Melen, 1958; Mancini et al., 1995; Mancini and Puckett, 2005). This interpretation
begins with sea-level low-stand erosion or non-deposition resulting in a disconformity,
followed by non-marine deposition of conglomerates and fluvial sands of the Tuscaloosa,
continuing with transgression of marine waters overland and sea-level high-stand,
forming a Cretaceous eperic sea where thick carbonate strata were deposited.
4

This deposition sequence concluded with Tertiary regression and low-stand
erosion (Stephenson and Monroe, 1938; Stephenson and Monroe, 1940; Nunnally and
Fowler, 1954; Melen, 1958; Mancini et al., 1995; Mancini and Puckett, 2005). During
transgression the basin experienced interplay between locally sea- regressive uplifts (as
deltas built out locally into the sea) and general transgression of the sea as part of the
worldwide Zuni Transgression-regression Cratonic Sequence. In this fashion, the
Mississippi Embayment of the Cretaceous Period experienced deltaic uplift, i.e.,
regression, interplaying locally with the transgression of the sea overland associated with
a worldwide transgression event.

Review of Literature: Mathematical Model for Scale Dependency
The issue of scale is of great importance in the Earth sciences. One sees many
rock hammers, Brunton compasses, and cameo geologists in the photographs included in
geology textbooks. Ancillary objects are included to define the scale in length for the
photograph relative to the dimension in length of a well known object, e.g., a rock
hammer. The need for the ancillary object implies that for the photographed subject, one
would not be able to tell if one was looking at a 100 nm span or perhaps 100 m or 100
km. That is to say, the length scale may be visibly invariant at multiple orders of
magnitude. This insight is of great mathematical significance.
In 1967, Benoit Mandelbrot used the length of the rocky coastline of Great Britain
to demonstrate the concept of scale invariance as a power-law distribution (Mandelbrot,
1983). If one imagines an aerial photograph of this rocky coastline, one can note that
without a fixed object of a known and characteristic dimension, like a big tree or house,
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one cannot determine the elevation from which the aerial photograph was taken. Using a
rod of unfixed length (d) as the independent variable, one can measure the lengths of the
coastline (N) and the dependency upon scale (D) for these measures as a function of
magnification (d). Mathematically the scaling distribution is a power-law and looks like
the following:
N = C × dD

(1.0)

where N is the dependent measure of coastline length, d is the decreasing length of the
measuring rod, i.e., the scale factor as the independent variable of the distribution, D is
the measure of the scale dependency for the distribution, and C is a constant. (Both C
and D may be determined by employing a regression analysis upon a scatter-plot of the
distribution of data. Such functions are available within Microsoft Excel and other data
analysis software.)
In the absence of an ancillary object of known scale, the length of the British
coastline can be measured in terms of a power-law distribution (d, N) where the fractal
dimension (D) is a measure of the dependency upon scale for the measure N for each
chosen d (Turcotte, 1995; Mandelbrot, 1983; Barnsley, 1988; Feder, 1988). Because of
the invariance of scale, the coastline length metric (N) will increase as the length of the
measuring rod (d) decreases, according to a power-law distribution, and the power (D) of
the power-law distribution is a measurement of the scale dependency of the distribution
(Mandelbrot, 1983; Barnsley, 1988; Feder, 1988). Where the metric (D) is a fraction the
distribution shows scale-invariant behavior, meaning the coastline length metric (N)
increases as the length of the scale factor (d) decreases. Where the metric (D) for the
distribution is zero, i.e., D = 0, the scale dependency for the distribution (d, N) is zero,
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meaning that the coastline length (N) is constant as the scale factor (d) decreases. That is
to say, where the power (D) of the power law distribution is zero, there is no dependency
for the measures of N upon scale for the distribution (d, N). Euclidean objects are
examples of objects that show no dependency upon scale for measures of their perimeters
or surface areas. Objects that do show this dependency upon scale are called fractals
(Mandelbrot, 1983).

Review of Literature: Statistical Geometry of Topological Surfaces
The pore and throat network of sandstone is bounded by a three-dimensional
surface. Topologically this surface is not smooth, and the bumpy features of this nonsmooth surface occur at many orders of magnitude in length. When sampled at multiple
ranges of magnification to gain a scaling distribution, where each higher magnification
resolves finer and finer features, researchers have found the surface features of bumpy
sandstone pore and throat networks quantify into fractal distributions (Katz and
Thompson, 1985; Feder, 1988; Nigmatullin, 1989; Thompson, 1991).
As an introduction to this concept, consider by analogy an observer standing 20 ft
from and perpendicular to a square, white wall. Here an observer is told the dimensions
of this wall are 10 ft x 10 ft. Thus with a resolution of 10 ft, the surface area of this wall
is 100 ft2. Five feet closer, the wall is observed to have bumps on its surface, adding a
third dimension to considerations of surface area. Thus with an increased resolution, the
surface area of this wall is judged greater than 100 ft2. Again closer to the wall, an
observer notices that the bumps have on them even smaller bumps. Again even closer to
the wall, the observer notices that the bumps on the bumps have even smaller bumps.
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Finally, tet-a-tet with the wall, and with a hand lens, an observer notices that the bumpy
behavior occurs at as many orders of magnitude in length as his hand lens is able to
resolve. That is to say, the bumps seem to be of all sizes.
Yet after these observations, the observer cannot know at what magnification the
bumpy behavior ends. The observer estimates the largest bumps at 8 inches in diameter.
With the hand lens the observer estimates there are bumps 1/8 inch in diameter and all
diameters in between, but the resolution of the hand lens fails beyond this 1/8 inch
measure, and further data estimates are impossible with the hand lens.
The observer must conclude the surface area of the bumpy wall is much greater
than 100 ft2. The observer can define a sequence of surface metrics for the wall at
increased resolutions, yet the observer does not know if a sequence of estimates of
surface area will converge to a finite measure. This convergence or non-convergence to a
finite measure will depend upon the lower limit to the bumpy behavior (Feder, 1988;
Barnsley, 1988; Addison, 1997). Mathematically, should the bumpy behavior continue
ad infinitum, the surface metric is infinite (Mandelbrot, 1983; Barnsley, 1988; Addison,
1997). In practice, the bumpy behavior is expected to end, but the resolution of the
measuring instrument is not adequate to sample the bump population beyond the 1/8 inch
order of magnitude.
A method of quantifying the behavior of surface bumps over multiple resolutions
is needed (Feder, 1988; Nigmatullin, 1989; Thompson, 1991; Turcotte, 1995), and two
crucial things about this sampled, statistical topology are to be determined:
1. Do the data distributions form a quantifiable trend, and
2. If there is a trend, does this trend have a lower boundary to its behavior.
8

A sandstone pore and throat surface is a population of geometrical features that behaves
much like this square, white wall. The bumps on the pore and throat surface range in size
from 200 m sand grains to clay particles less than 1 m diameter.
In a scaling distribution (d, N), the observer quantifies the change in the number
of surface features as a function of scale. A power-law regression model of the form
y=C·xp is performed upon the distribution of data. Where the power (p) of the powerlaw is an integer, the distribution describes a Euclidean surface, where the tendency for
perimeters or surface metrics is toward a finite measure for the defined domain of scale
(x), and the behavior describes smoothness. Where the power (p) is zero, i.e., p = 0, there
is no dependency upon scale at all. Where the power (p) is a fraction, the distribution
describes a fractal surface, where the statistical tendency for perimeters or surface metrics
is toward an infinite measure for the defined domain of scale (x), and the behavior
describes “roughness” for the defined domain of scale (x).
Katz and Thompson (1985) found that sampling sandstone pore and throat
surfaces yields power-law trends with fractional powers, indicating fractal behavior for
these surfaces. At a high resolution below 1 m diameter for particle size, a lower limit
was discovered to this fractal behavior of sandstone pore and throat surfaces (Katz and
Thompson, 1985; Feder, 1988; Nigmatullin, 1989; Thompson, 1991). These researchers
interpreted the 1 m lower limit as the order of magnitude in length where the Euclidean
behaviors of the minerals’ crystalline structure become the rule (Katz and Thompson,
1985; Feder, 1988).

9

Review of Literature: Exxon Researchers
In the mid 1980’s, A. J. Katz and A. H. Thompson of the Exxon Production
Research Company showed that fractal statistics can be used to predict correct porosities
in sandstones (Katz and Thompson, 1985; Krohn and Thompson, 1986; Hansen and
Skjeltorp, 1988; Radlinski et al., 1999; Pape et al., 1999; Lock et al., 2002). Katz and
Thompson found there was a “one-to-one correspondence between the secondaryelectron-intensity extrema and the edges that intersect the line defined by the SEM trace”
(Katz and Thompson, 1985). Using scanning electron microscopy to count “the number
of edge intersections in a one-dimensional section of the interface as a function of
magnification,” Katz and Thompson (1985) demonstrated that the pore spaces of
sandstones have fractal geometries that show scale dependant behaviors over three to four
orders of magnitude in length, viz., from 10 angstroms to over 100 μm. They found that
the scale dependencies and fractal dimensions that they could measure on thin sections
correlated with the scale dependencies and fractal dimensions measured on fractured
surfaces of sandstones (Katz and Thompson, 1985). From this observation, they
concluded that porous volume in those sandstones is a fractal having “the same fractal
dimension as the pore-rock interface” (Katz and Thompson, 1985). Hansen and Skjeltorp
(1988) used similar technology to relate fractal pore space in sandstone samples to
permeability measurements.
Listed in Table 1 are scale dependencies and fractal dimensions that Katz and
Thompson (1985) measured for several well-known sandstones using SEM analysis of
edge features of sandstone fracture faces.
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Table 1: Results of SEM measurements of Katz and Thompson (1985) on various
sandstones.
Sample
Coconino Sandstone
Navajo Sandstone
St. Peter’s Sandstone

scale dependency
0.22
0.19
0.13

fractal dimension
2.78
2.81
2.87

Thompson (1991) suggested the fractal dimensions of sandstone are a reflection of
provenance and history of diagenesis. This study recorded of the fractal dimension of the
Stanley Sandstone of the Eutaw Formation of Jasper County, Mississippi.
Somewhat farther removed from the scope of this study, other researchers (Frisch
et al., 1986; Nigmatullin, 1989; Chhabra and Jensen, 1989; Ahner et al., 1992;
Thompson, 1991; Turcotte, 1995; Pape, 1998; Hasslacher and Meyer, 1998; Radlinski et
al., 1999; Martin et al., 2001; Posadas et al., 2001; Lock et al., 2002; Posadas et al.,
2003; Boccara, 2004) have investigated the possibility that transport properties through
porous media, for example flow permeability, might be a case where the pore-network
stochastic geometry and flow transport behaviors have mutually causal and reciprocating
relationships, expressed empirically both in flow transport properties and in the statistics
of naturally occurring geometries. Although it is far beyond the scope of this study to
explore this theoretical possibility, yet it is hoped that both the quantified fractal
dimension of the Stanley Sandstone of the Eutaw Formation of Jasper County,
Mississippi and a first empirical investigation of the geometrical scaling behaviors of
micron-scale biofilms may be a modest contribution to the past efforts of these
researchers.
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CHAPTER II
METHODOLOGY

Care and Preparation of Samples
For this study, all Stanley Sandstone samples were taken exclusively from a core
acquired by, transported to, and maintained under anaerobic conditions at the MSU
Department of Geosciences. The core was taken from 4769.2 ft near the top of the
Stanley Sandstone near Heidelberg, Mississippi. All Stanley Sandstone samples were
maintained in laboratory anaerobic conditions in an anaerobic chamber. Samples were
immersed in five different solutions of five combinations of injection brine pH 7,
potassium phosphate, potassium nitrate, molasses and cultured bacteria, according to the
schedule in Table 2
.
Table 2: Immersion combinations for Stanley Sandstone samples.
1.
2.
3.
4.
5.

Brine only (control)
Brine, K2HPO4 (0.01%) and KNO3 (0.01%)
Brine and molasses (0.02%)
Brine and cultured bacteria
Brine, K2HPO4 (0.01%),KNO3 (0.01%), and cultured bacteria

After sixteen days, samples were fixed in 2.5% gluteraldehyde in 0.1 M
phosphate buffer, pH 7.2, immersed overnight. Then the samples were removed from
the glove bag to a dedicated fume hood. In the fume hood the samples were post-fixed in
2% osmium tetroxide, dehydrated through a graded acetone series, followed by
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hexamethyldisilazane (HMDS) and air-drying overnight (Nation, 1983; Fratesi,
2002;Fratesi et al, 2004). Acetone was substituted for alcohol at the suggestion of the
MSU Electron Microscope Center technical staff, who also had been of assistance with
the earlier Fratesi study.

Scanning Electron Microscopy
Next, samples were selected for SEM viewing. The samples were tap-fractured to
expose a natural fracture surface. The tap-fracture procedure was necessary to expose the
interior of the rock samples. Then the samples were mounted on aluminum stubs and
sputter-coated with Au / Pd of 30 nm thickness. A Polaron SEM Coating System housed
at the MSU Electron Microscope Center was used to coat the specimens. A 1 μm
resolution was needed, mostly free of artifacts that can be introduced by the sputtercoating. In order to limit the average thickness of the layer of Au / Pd well below the
needed resolution needed for SEM data sampling (Folk and Lynch, 2001) at the single
micron order of magnitude, the Polaron SEM Coating System was set to 2.4 kV and 20
mA and coated for no more than 120 seconds. According to the Polaron SEM Coating
System specifications and the experience of the Mississippi State University Electron
Microscope Center technical staff, a maximum of 120 seconds at these settings would
achieve an Au / Pd surface coating of 30 nm average thickness or less, which fell well
below the resolution parameter of 1μm desired for this procedure.
The samples were viewed on a Jeol JSM 6500F at 5kV and on a Leo Stereoscan
360 at 15kV, both housed at the Mississippi State University Electron Microscope
Center. The Jeol JSM 6500F field emission electron microscope was employed to view
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the specimens’ fracture faces for fracture surface features, morphology and evidence of
induced bacterial activity due to the laboratory-simulated MPPM procedure. The Leo
Stereoscan 360 electron microscope was used to sample and to quantify the surface
features of the fracture surfaces. Images of the fume hood employed to prepare the
Stanley Sandstone samples, the electron microscope employed to quantify the surface
features of the Stanley Sandstone pore and throat networks, and the three-dimensional
imaging system employed in this study are shown in Figure 1.

A

B

C

Figure 1: Author (A) preparing the Stanley Sandstone samples under a fume hood,(B)
Author sitting at the Leo Stereoscan 360 electron microscope employed to
quantify surface features of the Stanley Sandstone, and (C) Phoenix CT X-ray
system employed in this study for three-dimensional imaging of the Stanley
Sandstone.

A sampling method called the “cord method” was used to quantify the surface
features of the sandstone fracture surfaces (Katz and Thompson, 1985; Thompson, 1991).
An example micrograph employing this method appears in Figure 2. (Negative image
micrographs used in this study are included in Appendix A, Appendix B, and Appendix
C. The Use of negative image micrographs more easily facilitated making notations
directly onto the micrographs for quantitative precision.)
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trace-line “cord”

intensity extrema “spikes”

Figure 2: Leo Stereoscan 360 SEM micrograph of the fracture face of a Stanley
Sandstone sample. The chosen “cord” is visible as a white line stretching
across the upper portion of the figure. The cord length for this micrograph is
100 m, which is the scale factor (d). The number of secondary electron
intensity extrema (N) can be counted directly from the micrograph.

Under SEM, particle edges appear as grayscale intensity spikes, countable as
number of spikes (N) over a cord-length (d). At one chosen magnification there exists a
“one-to-one correspondence between the secondary-electron-intensity extrema and the
edges that intersect the line defined by the SEM trace” (Katz and Thompson, 1985). The
reason for this correspondence is in the coating of the sample before SEM observation.
Low-vacuum sputter coating is used to coat a specimen as evenly as possible with
a conductive material, e.g., gold or gold/palladium. High vacuum coaters tend to coat
less evenly (Kuklinski, 2008). Yet even with low-vacuum coating there exists an “edge
effect” where edges tend to collect more of the coating relative to the other features of the
sample surface. The effect upon SEM viewing is that “edge features” yield enhanced
15

emission of secondary electrons and appear brighter (Kuklinski, 2008). Thus, secondary
electron intensity extrema (N) can be quantified as a function of magnification as a
scaling factor simply by counting the intensity extrema (N) over scaling factors (d).
The SEM has resolution capacities that range from 1x magnifications upward to
200,000x and beyond. For the Stanley Sandstone samples, the SEM operator zoomed-in
along a single cord within a single field of view for eight micrographs where the length of
the “cord” ranged from 200 m to 1 m in length (d). That is to say, 8 points of data per
rock sample required 8 micrographs. Each successive micrograph resolved a number of
grayscale intensity spikes (N) over the same cord, but whose length (d) was determined
by the magnification chosen for that particular micrograph.
In total, 24 micrographs were taken with the Leo Stereoscan 360 electron
microscope to sample the behavior of surface features of three different samples of
Stanley Sandstone as a function of magnification, comprising three separate data sets.
The dry rock and the first MPPM cultured rock were sampled with a field-of-view chosen
at random. These data were plotted with Microsoft Excel and a power-law regression
model was performed upon the data to identify and quantify trends in the distribution. A
third sampling was taken with the field-of-view chosen to sample the behavior of a
particular feature of the surface biofilm, (viz. intact meniscus features of the biofilm.)
The third sampling was biased, and as such, a scatter-plot of this distribution was
described qualitatively and no quantified calculations were reported for the biased
sample.
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To identify any anomalies to trended behaviors of the three data-sets, the
distributions were treated ad-hoc as normal, and a Dixon Q-test was performed upon the
data points to identify outliers to the trended behaviors (if any).

CT X-ray Imaging
CT X-ray imaging was used to achieve a 3D view of the pore and throat networks
of the Stanley Sandstone samples. The fixed and dried samples chosen for CT X-ray
imaging were not mounted on stubs or sputter-coated. These Stanley Sandstone samples
were viewed on a Phoenix Dual-Tube X-ray CT system, housed at the MSU Center for
Advanced Vehicular Systems.
High resolution near the single-micron order of magnitude was needed for this
study. In order to achieve higher resolutions, it was necessary to minimize the diameter
of the x-ray beam (the spotsize) and to position the samples as close as possible to the
column (the x-ray source). Using the tap-fracture procedure, the samples were reduced in
size to approximately 3 mm diameter to make it possible to secure the sample about 1
mm from the column.
The beam amperage determined the spotsize of the beam. By procedure, the
current was pre-set at about 40 μA and then the voltage slowly increased until minimum
and maximum greyvalues (image contrast) were achieved between 10,000 and 52,000
respectively (unitless, but as required by the Phoenix software) and the real-time image
was bright enough and looked well-contrasted to the operator. For the wet sample, the
minimum grayvalue was achieved at 24.5 K and maximum grayvalue at 51.5 K, and for
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the dry sample 18.5 K and 41.0 K, giving a wide range for grayscale output for both
Stanley Sandstone samples.
With the Phoenix CT system, the spotsize wattage (Power = Current x Voltage)
should always be slightly smaller than the voxelsize in cubic microns in order to avoid a
loss in resolution. By rule-of-thumb, the spotsize wattage was the de-facto limit to
resolution voxelsize in cubic microns. Achieving quality images through hard materials
required higher power outputs for the x-ray beam in order to minimize beam interaction
with the materials that produces image “beam-hardening” artifacts (Williams and
Oppedal, 2007). Yet lower power outputs were required to achieve higher voxelsize
resolutions, and lower power outputs for the x-ray beam introduced the risk of artifacts in
the final 3D image outputs. In short, an optimal power output was found to balance the
operator’s need to achieve a desired resolution (without significant image artifacts) and
the x-ray beam’s power requirements to penetrate and pass through the given sample.
Thus for the wet (cultured) Stanley Sandstone sample, the x-ray beam was set at
116-kV and 48-μA, achieving an acceptable greyvalue range and acceptable real-time
image, and achieving a low spotsize wattage of 5.6 Watts and a voxelsize of 5.71 μm3
maximum 3D-resolution. For the dry Stanley Sandstone sample the x-ray beam was set
at 105-kV and 46-μA, achieving an acceptable greyvalue range and acceptable real-time
image, and achieving a low spotsize wattage of 4.8 Watts and a voxelsize of 5.05 μm3
maximum 3D-resolution. It was found that lower voltage-current combinations achieved
neither acceptable greyvalue ranges nor acceptable power outputs to penetrate the
sandstone samples, while also achieving resolutions near the cubic micron limit as
achieved with SEM.
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In sum, the sample was placed as close as possible to the column (the x-ray
source) and the power of the beam was minimized (while still penetrating the sample
adequately to avoid artifacts). The settings for the current achieved a small spotsize, and
the settings for the voltage achieved an acceptable grayscale range while keeping the
power output of the beam (P = I · V) under 6 Watts. By this method, a maximum
resolution was achieved with the Phoenix CT system at just under 6 μm3 for both the dry
and wet Stanley Sandstone samples.
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CHAPTER III
RESULTS

Scanning Electron Microscopy
For the Stanley Sandstone sample fracture faces, photomicrographs of dry
samples, control samples and cultured samples were taken to investigate fracture-surface
features, to provide evidence of induced bacterial activity due to the laboratory simulated
MPPM procedure and to image the morphology of the mucilage layers on the fracture
surfaces of the cultured samples. A clay lined pore throat of the Stanley Sandstone is
shown in Figure 3. In Figure 4, Figure 5 and Figure 6, more evidence of clay lining of
the pore and throat structures is evident.

Figure 3: Dry Stanley Sandstone Unit sample of a clay lined pore throat.
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Figure 4: Dry sample of clay-rich Stanley Sandstone.

Figure 5: Closer view of the quartz framework overlain by clay.
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Figure 6: Kaolinite clay particles in the dry Stanley Sandstone.

As shown in Figure 7, control samples were observed to have no biofilm coating
on fracture surfaces. In Figure 8, a pulverized control sample was imaged for evidence of
a mucilage coating on individual sand grains, and no mucilage coating was observed.

Figure 7: Photomicrograph of the control sample indicating quartz and clay content. No
mucilage is observed.
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Figure 8: Micrograph of pulverized control sample mounted on carbon tape. An absence
of bacterial mucilage is observed.

As seen in Figure 9, the Stanley Sandstone sample immersed in injection brine
and molasses (0.02%) showed evidence of a mucilage coating over individual sand grains
on the tap-fracture surface.

Figure 9: Micrograph of Stanley Sandstone immersed in injection brine and molasses
(0.02%). Bacterial activity is evident as mucilage freely covers the fracture
face.
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In Figure 10 and Figure 11, higher magnification micrographs of the sample
immersed in brine and molasses (0.02%) show evidence of mucilage distributed over
both framework grains and clay particles.

Figure 10: Micrograph of Stanley Sandstone immersed in brine and molasses (0.02%).
Bacterial mucilage is observed to be distributed over both framework grains
and clay. A smooth meniscus feature is observed in the upper left of
micrograph.
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Figure 11: Micrograph of Stanley Sandstone immersed in brine and molasses (0.02%).
Bacterial mucilage is observed to be distributed over both framework grains
and clay.

In Figure 12 the sample immersed in injection brine and molasses (0.02%)
showed evidence of a meniscus which formed smoothly and which stretched about 5 μm
between framework grains.
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Figure 12: Micrograph of Stanley Sandstone sample immersed in injection brine and
molasses (0.02%). Bacterial mucilage is observed to form a smooth
meniscus stretching approximately 5 μm between framework grains.

In Figure 13, Figure 14 and Figure 15, micrographs of samples immersed in
injection brine and molasses (0.02%) show evidence of holes that appear in the meniscus
features. Some of these holes are rounded and others are angular. Often multiple layers
of meniscus are observed behind cracked features.
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Figure 13: Micrograph of Stanley Sandstone sample immersed in injection brine and
molasses (0.02%). The mucilage layer has an angular crack in the upper left
and a small, rounded pinch-out feature (< 3 μm) in the lower right.

Figure 14: Micrograph of Stanley Sandstone sample immersed in injection brine and
molasses (0.02%). Meniscus features in the foreground and background
appear cracked.
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Figure 15: Micrograph of Stanley sample immersed in injection brine and molasses
(0.02%). A kitten-shaped cracking feature is observed in the mucilage
(complete with kitten-tail).

In Figure 16, the Stanley Sandstone sample immersed in injection brine and
molasses (0.02%) shows evidence of bacterial mucilage and meniscus features over clay
particles (perhaps clay matrix or diagenetic cement).

Figure 16: Micrograph of Stanley Sandstone immersed in injection brine and molasses
(0.02%). Bacterial mucilage and meniscus features are observed covering
clay.
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Figure 17 shows a Stanley Sandstone sample immersed in injection brine with
cultured bacteria. At the tap-fracture surface, smooth mucilage is observed and a
meniscus feature mostly covering a pore throat of approximate diameter 10 μm. An
angular cracking feature appears in the meniscus feature. Figure 18 gives a closer view.

Figure 17: Micrograph of Stanley Sandstone sample immersed in injection brine with
cultured bacteria showing mucilage and a cracked meniscus feature.

Figure 18: Micrograph of Stanley Sandstone sample immersed in injection brine with
cultured bacteria showing smooth features of the mucilage stretched between
and above particles of clay.
29

Figure 19 shows a Stanley Sandstone sample immersed in injection brine with
cultured bacteria. Smooth bacterial mucilage is observed coating this pore throat. A
meniscus feature is formed but appears cracked. Clay is also visible around the pore
throat.

Figure 19: Micrograph of Stanley sample immersed in injection brine and cultured
bacteria showing a cracked meniscus feature of the mucilage.

Figure 20 shows a sample of Stanley Sandstone immersed in injection brine with
cultured bacteria. A thick layer of bacterial mucilage is observed covering clay particles
near the tap-fracture surface. (The tap-fracture procedure is discussed in Chapter II). In
the lower center a prominent meniscus feature is observed to cover a pore throat of
approximate diameter 10 μm. The meniscus feature is intact, showing neither angular
cracking features nor rounded pinch-out features.
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Figure 20: Micrograph of Stanley Sandstone sample immersed in injection brine with
cultured bacteria showing a thick layer of mucilage covering clay with an
intact meniscus feature in the lower center.

Figure 21 shows a sample of Stanley Sandstone immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. Clay particles are observed to be
covered by abundant bacterial mucilage. In the lower right corner a meniscus of
approximately 5 μm diameter is visible. Figure 22 shows a closer view of this feature.
Visible near the middle right portion of Figure 21 is a cracked meniscus feature
approximately 10 μm in diameter. A closer view of this cracked meniscus feature is
shown in Figure 23.
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Figure 21: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. Abundant bacterial
mucilage is observed covering clay. (Arrows mark zoom-in regions for next
two micrographs.)

Figure 22: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. A closer view
reveals meniscus features.
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Figure 23: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. Another closer view
reveals a cracked meniscus feature.

Figure 24 shows a sample of Stanley Sandstone immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. A smooth but cracked meniscus
feature stretches across a pore throat of 10 μm approximate diameter.

Figure 24: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. Observed is a large
pore-throat with a cracked meniscus.
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Figure 25 shows a sample of Stanley Sandstone immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. A smooth meniscus feature
stretches across a pore throat of 15 μm approximate diameter. Observed are two angular
cracks through the feature.

Figure 25: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. The meniscus
feature is cracked in two places.

Figure 26 shows a sample of Stanley Sandstone immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. Perhaps an artifact of the tapfracture procedure, one prominent meniscus feature of approximate diameter 20 μm
appears near the tap-fracture surface and appears cracked and displaced. Figure 27 shows
a sample of Stanley Sandstone immersed in injection brine, K2HPO4 (0.01%), KNO3
(0.01%) with cultured bacteria. A pore throat is exposed near the tap-fracture surface.
Clay particles and bacterial mucilage are abundant. A small section of the mucilage
appears cracked and displaced near the exposed pore throat.
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Figure 26: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. A prominent
meniscus feature which once plugged a pore-throat has become cracked and
displaced during the tap-fracture procedure.

Figure 27: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. A pore-throat is
exposed near the fracture surface. Cracking and displacement are observed
in the mucilage layer.
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Figure 28 shows a sample of Stanley Sandstone immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. Clay cement and bacterial
mucilage are abundant. The meniscus feature, which has an irregular crack from the left
to the center of the micrograph, extends into the pore space.

Figure 28: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria showing a cracked
meniscus.

Figure 29, Figure 30, Figure 31 and Figure 32 all show samples of Stanley
Sandstone immersed in injection brine, K2HPO4 (0.01%), KNO3 (0.01%) and cultured
bacteria. In each sample a pore-throat is exposed near the tap-fracture surface. Bacterial
mucilage is present and intact, and a smooth meniscus feature is observed coating the
inside of the pore-throats. In each case the pore throat has an approximate diameter of
less than 15 μm.
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Figure 29: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. A continuous and
intact meniscus feature is observed coating the inside of an exposed porethroat near the fracture surface.

Figure 30: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. A mucilage feature
is observed over a small pore-throat.
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Figure 31: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. Mucilage is lining
the existing pore throat.

Figure 32: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. A prominent porethroat near the fracture surface is filled with mucilage.

Figure 33 and Figure 34 show samples of Stanley Sandstone immersed in
injection brine, K2HPO4 (0.01%), KNO3 (0.01%) and cultured bacteria. In each figure
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mucilage is stretched across a large pore space greater than 15 μm, and the mucilage fails
to span the total gap. Rounded pinch-out features are observed in the mucilage.

Figure 33: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. A rounded pinchout feature is observed in the mucilage layer.

Figure 34: Micrograph of Stanley Sandstone sample immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. A prominent pinchout feature is observed as the mucilage layer is stretched too thin across a
large pore space.
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Using SEM, the cord method was used to quantify a scale distribution for the dry
Stanley Sandstone sample. (The cord method is discussed in Chapter II.) With cord
lengths (scale factors) ranging from 200 μm to 1μm, the power-law regression model
yielded a power law:
N = 19.133 · d 0.0782

(2.0)

and the log-log transformation of the power-law into linear form was
log N = 0.0782 · log (d) + log (19.133)

(3.0)

as graphed in Figure 35. This scale distribution and analysis yielded a fractal dimension
for the dry Stanley Sandstone sample of 3.00 - 0.08 = 2.92 . The slope of the line and the
corresponding fractal dimension are a measure of the scale dependency of the

Log N (number of features)

distribution, which is non-zero and less than one (i.e., a fraction).
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Figure 35: Log-log plot of the scale distribution for the dry Stanley Sandstone sample
for particle edge-features (N) vs. scale factor (d) in microns. The measure of
scale dependency is 0.08 and fractal dimension 2.92.

Two scaling distributions were gathered for the wet (cultured) samples. For the
Stanley Sandstone sample immersed in injection brine and molasses (where in-situ
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bacteria were cultured), a cord was chosen at random on the fracture surface. A powerlaw regression was calculated from this scaling distribution. This power-law was
N = 26.989 · d 0.0081

(4.0)

and the log-log transformation into linear form was
log N = 0.0081 log d + log 26.989

(5.0)

log N (number of features)

as graphed in Figure 36.
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Figure 36: Log-log plot of the scale distribution for the Stanley Sandstone sample
immersed in injection brine and molasses. The units for cord length (d) are
microns. The slope of the trended line is 0.0081, which indicates very low to
no scale dependency for the distribution.

The slope for the cultured Stanley Sandstone sample flattened out to a measure
very close to zero, viz., 0.0081, and the slope of the log-log plot for this wet (cultured)
sample was lower (i.e., closer to zero) by an order of magnitude as compared to the dry
sample. The topological dimension in this case is non-fractal as 3.000 – 0.008 = 2.992,
(which is within a few thousandths of 3.000).
In order to identify any anomalous datum, the distribution was treated ad-hoc as
normal in order to perform a Dixon Q-test. The Q-test revealed an outlier at the 10 μm
scale, which fell visibly below the flat-trended pattern. (With the 10 μm datum removed
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from the distribution, the scale dependency is 0.005). The original micrograph (which
appears in Appendix B) from which the 10 μm data were taken was reviewed in order to
interpret any visual reason for the precipitous decrease in secondary-electron extrema for
this scale factor. No obvious cause for the behavior was observed from this micrograph
and no obvious and intact meniscus feature in the biofilm was observed within the field
of view.
In short, the slope of the log-log plot indicates no or extremely low scale
dependency for the distribution, viz., 0.0081, and a datum was identified for scale factor
(d) = 10 μm as anomalous to the measured scale dependency. (The 10 μm scale factor
datum falls well below the trended pattern and increases the measure of dependency.)
A second data set was collected using the cultured Stanley Sandstone samples
immersed in injection brine, K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria.
Choosing a cord (within the single field of view) that passed over an obvious and intact
meniscus feature of the mucilage, sixteen data points were collected for this scaling
distribution (Figure 37). (Because this sampling method is biased to test the behavior of
an intact meniscus feature of the biofilm surface, the scale dependency for the
distribution is not reported. A 2% moving average is graphed to reveal visually any
regions in the distribution that do not follow the trended pattern.)

42

log N (number of features)

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

2 per. Mov. Avg. (Series1)

0

1

2

3

log d (µm)

Figure 37: Scaling distribution of number of edge-features (N) vs. the scale factor (d)
for the Stanley Sandstone sample immersed in injection brine, K2HPO4
(0.01%), KNO3 (0.01%) with cultured bacteria. The units for the cord length
(d) are microns. Because the sampling was not random, no quantified slope
to this trended behavior is reported.
Treating the inner 10 data points ad-hoc as a normal distribution and as a domain
for a Dixon Q-test, the 20 μm datum was calculated a statistical outlier, and this 20 μm
scale datum conspicuously fell below the flat-trended pattern. In short, there was little to
no scale dependency for the distribution, and at the scale factor of 20 μm was identified
as an anomaly to the estimate of scale dependency. Because the sampling was not
random, no quantified slope to this trended behavior was reported.

CT X-ray Imaging
For both dry and cultured Stanley Sandstone samples, three-dimensional images
were taken using CT X-ray imaging. Figure 38 and Figure 39 show outer views of
Stanley Sandstone samples, both dry and cultured.
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Figure 38: Three-dimensional view of dry sample of Stanley Sandstone. The diameter
of the dry sample above is approximately 3 mm.

Figure 39: Three-dimensional view of Stanley Sandstone immersed in injection brine,
K2HPO4 (0.01%), KNO3 (0.01%) with cultured bacteria. The image has been
cropped electronically into a thin-section of approximate thickness 1.5 mm
and approximate width 3 mm.
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Electronically, the groundmass surrounding the porosity can be subtracted to
leave a three-dimensional image of the porosity only. Figure 40 and Figure 41 show
three-dimensional views of the pore and throat network for the Stanley Sandstone, both
dry and cultured. Figure 42 shows a closer view of the cultured sample’s pore and throat
network in three dimensions. A long pore throat is visible that terminates with the shape
of a meniscus. Figure 43 shows a closer view of this shaped meniscus.

Figure 40: 3D image of the pore and throat network of a dry sample of Stanley
Sandstone.
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Figure 41: 3D image of the pore and throat network of a sample of Stanley Sandstone
immersed in injection brine, K2HPO4 (0.01%), KNO3 (0.01%) with cultured
bacteria.
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Figure 42: Closer three-dimensional view of the pore and throat network of the Stanley
Sandstone sample Sandstone immersed in injection brine, K2HPO4 (0.01%),
KNO3 (0.01%) with cultured bacteria. A long throat terminates with the
shape of a meniscus.

Figure 43: Closer three-dimensional view of a meniscus feature of a Stanley Sandstone
sample Sandstone immersed in injection brine, K2HPO4 (0.01%), KNO3
(0.01%) with cultured bacteria.
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CHAPTER IV
SUMMARY AND DISCUSSION

Prior to this study, it had been shown that the MPPM procedure reduced the
permeability of rocks (Stephens et al., 2000; Brown and Vadie, 2000). Within the rocks,
the distribution of biofilm was unknown. Also, it was unknown if the biofilm reduced
permeability by filling the pore spaces completely or by adhesion (Fretesi, 2002) to the
pore surfaces (including the pore throats). Thus a central question emerged from the
earlier studies concerning scale, to wit: At what scale was the permeability of the rocks
being blocked or inhibited? Using sampling methods of fractal geometry, this question of
scale was answered in the present study, and other fractal characteristics of the Stanley
Sandstone were quantified. In addition, the distribution of biofilm in pore spaces and
pore throats was imaged to reveal qualitatively the distribution of biofilm within the
rocks.
In Microbial Permeability Profile Modification (MPPM), dormant, in situ bacteria
are exposed to dilute potassium and nitrate solutions, which result in growth, production
of mucilage, and reduction of flow within the most permeable strata. This bacterial
growth diverts flow of injected waters from higher to lower permeability strata, thereby
increasing production. Photomicrographs of the Cretaceous Stanley Sandstone, Eutaw
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Formation, Jasper County, Mississippi, at 4,769.2 feet, were used to quantify behavior of
the bacterial mucilage in simulated MPPM samples into scaling distributions.
Under SEM, particle edges appeared as grayscale intensity maxima, countable as
number of resolved spikes (N) per cord-length (d). Thus a single cord, imaged at eight
sequential magnifications, was used to graph eight data points (d, N). Along a single
cord that crossed pores in dry sandstone, sampled grayscale maxima resulted in scaling
distributions which were fractal, as demonstrated in Figure 35.
For samples of Stanley Sandstone exposed to nutrient solutions and thus bearing
pore-filling biofilm, sampled edge-features where the field-of-view was chosen at
random yielded a different scaling distribution. In this distribution the edge-feature
power-law regression (in log-log linear form) tended to flatten out to a slope very near p
= 0, which indicates very low to no scale dependency for the distribution. For a scaling
distribution where the cord method is used for sampling, a power of p = 0 corresponded
to Euclidean behavior. Interpreting the stochastic behavior of a surface as Euclidean
meant that the surface metric for the pore-throat network in this region tended to a finite
measure over all sampled scales in length. In qualitative terms, this interpretation meant
that the surfaces sampled were smooth, and “smooth” behavior was quantified at all scale
factors (orders of magnitude in length) from 200 μm to 1 μm.
For the data set where the field-of-view was chosen at random, the distribution
was treated ad-hoc as normal and a Dixon Q-test was performed to identify any datum
which was conspicuous, i.e., least in conformity to the linear regression. By this method,
it was calculated that the 10 μm scale-factor datum was an outlier (Figure 36). The
significant drop in the count of edge features at the fracture surface at the 10 μm scale
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was anomalous to the linear-trend for the distribution. The anomalous drop in the edgefeature count for this scale factor was due to the presence of intact meniscus features of
the biofilm, which over their lengths yielded no secondary-electron intensity extrema in
the SEM micrograph.
For samples of Stanley sandstone exposed to nutrient solutions and thus bearing
pore-filling biofilm, sampled edge-features (where the chord was chosen non-randomly
to pass over an obvious and intact meniscus feature) also yielded a different scaling
distribution where the edge-feature power-law distribution tended to flatten out to a slope
visibly near p = 0. This estimate indicated visibly a very low to no scale dependency for
the distribution. Because the sampling method for this distribution was non-random, the
scale-dependency for the distribution was not quantified. Yet by visual inspection of the
scatter-plot for the distribution, the 20 μm scale factor datum conspicuously fell below
the flat-trended pattern.
Treating the distribution ad-hoc as normal, a Dixon Q-test was performed on the
distribution to identify any anomalous datum. By this method the 20 μm datum was
identified as an outlier to the trended pattern. By further examination of the micrograph
from which that 20 m datum was taken, it was observed that the significant drop in the
number of intensity spikes over this scale was due to the presence of (visible) meniscus
features in the biofilm that reduced the count of edge-features below the trended pattern
(Figure 37).
For a scaling distribution where the cord method was used for sampling, a power
of at or near p = 0 again corresponded to Euclidean behavior. Interpreting the stochastic
behavior of a surface as Euclidean meant that the surface metric for the pore-throat
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network in this region tended to a finite measure over all sampled scales in length. In
qualitative terms, this interpretation meant that the surfaces sampled were smooth, and
“smooth” behavior was quantified at all scale factors (orders of magnitude in length)
from 200 μm to 1 μm.
In contrast to the dry sandstone (Figure 35), the samples with biofilm yielded
power-law, scaling-distributions (Figure 36 and Figure 37) with scale dependencies very
near zero indicating little to no scale dependency for the distributions. This shift in
behavior indicated that as the pore-surfaces became coated with biofilm by-products, the
stochastic behaviors of surfaces imaged shifted from fractal to Euclidean, i.e., from
scaling (power-law) distributions with powers that were fractions to those that were
integers, and in this case very near zero. In qualitative terms, the behavior shifts from
“rough” to “smooth” as quantified at 8 scale factors from 200 μm to 1 μm.
The conspicuous change in 10 – 20 μm data suggested that, although visible
porosity remained high, significant permeability modification occurred ubiquitously
within pore and throat spaces of 10 μm to 20 μm diameter. Based upon quantitative
analysis of photomicrographs, for MPPM procedures bacterial mucilage does not
completely fill porosity but does clog pore throats, thus impacting permeability.
In sum, the quantified behaviors of the biofilm in these MPPM sandstone samples
indicate that the bacteria need not fill the pore spaces with mucilage to impact
permeability. It is enough that the 10 – 20 μm scale pore throats become clogged to
reduce the permeability throughout the field.
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CHAPTER V
CONCLUSIONS

1. Quantified scaling-distributions for the dry Stanley Sandstone yielded a scaling
dependency of 0.08 and a corresponding fractal dimension of 2.92.
2. Quantified scaling distributions for the Stanley Sandstone samples that were
coated with biofilm yielded scaling dependencies very near zero, indicating a topological
dimension near 3.00, corresponding to Euclidean behavior. In qualitative terms, the
Euclidean behavior indicated “smoothness” over all scale factors sampled from 200 μm
to 1 μm.
3. The biofilm coated samples yielded scaling-distributions with anomalous data
at the 10 μm to 20 μm scale, indicating a much reduced count of edge-features at that
scale. In short, for MPPM procedures bacterial mucilage stretched over open spaces
(pore throats) at the 10 μm – 20 μm scale to form smooth, intact meniscus surfaces
(which did not have edges) and without being stretched too thin to form pinch-out
features. Based upon quantitative and qualitative analysis of photomicrographs, bacterial
mucilage did not completely fill porosity but did clog pore throats, thus impacting
permeability at the 10 μm to 20 μm scale.
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APPENDIX A
DATA MICROGRAPHS FOR THE DRY STANLEY SANDSTONE
(NEGATIVE IMAGES, CROPPED TO CORD LENGTH)
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Figure 44: Dry sample micrograph of cord length 200 μm

Figure 45: Dry sample micrograph of cord length 100 μm.
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Figure 46: Dry sample micrograph of cord length 50 μm.

Figure 47: Dry sample micrograph of cord length 20 μm.
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Figure 48: Dry sample micrograph of cord length 10 μm.

Figure 49: Dry sample micrograph of cord length 5 μm.
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Figure 50: Dry sample micrograph of cord length 2 μm.

Figure 51: Dry sample micrograph of cord length 1 μm.
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APPENDIX B
DATA MICROGRAPHS FOR FIRST WET STANLEY SANDSTONE SAMPLE
(NEGATIVE IMAGES)
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Figure 52: First wet sample micrograph for scale factor 200 μm.

Figure 53: First wet sample micrograph for scale factor 100 μm.
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.Figure 54: First wet sample micrograph for scale factor 50 μm.

Figure 55: First wet sample micrograph for scale factor 20 μm.
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Figure 56: First wet sample micrograph for scale factor 10 μm.

Figure 57: First wet sample micrograph for scale factor 5 μm.
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Figure 58: First wet sample micrograph for scale factor 2 μm.

Figure 59: First wet sample micrograph for scale factor 1 μm.
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APPENDIX C
DATA MICROGRPHS FOR THE SECOND WET STANLEY SANDSTONE SAMPLE
(NEGATIVE IMAGES)
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Figure 60: Second wet sample micrograph for scale factor 200 μm.

Figure 61: Second wet sample micrograph for scale factor 100 μm.
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Figure 62: Second wet sample micrograph for scale factor 50 μm.

Figure 63: Second wet sample micrograph for scale factor 20 μm.
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Figure 64: Second wet sample micrograph for scale factor 10 μm.

Figure 65: Second wet sample micrograph for scale factor 5 μm.
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Figure 66: Second wet sample micrograph for scale factor 2 μm.

Figure 67: Second wet sample micrograph for scale factor 1 μm.
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